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Brief introduction 
➡ Current charged LUV measurements 
➡ LHCb detector 
➡ Vertex isolation 

Features of LHCb measurements 
➡ Muonic τ decay analyses 
➡ Hadronic τ decay analyses 

Prospects for charged LUV at LHCb 
➡ Possible precision on !  
➡ Measuring kinematic distributions 
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Charge-current LUV status

Significant deviation in !  from SM 
➡ Measurements from BaBar, Belle, and LHCb 

Additionally, LHCb measures
!  

Any anomaly will need to be characterized with 
independent rate and distribution measurements 
Is LHCb systematics limited already? 
➡ No! Let's see how

ℛ(D(*))

ℛ(J/Ψ) = 0.71 ± 0.17 ± 0.18

!3

30

Table XIV Summary of R(D(⇤)) measurements.

Experiment ⌧ decay Tag R(D) �stat [%] �syst [%] R(D⇤) �stat [%] �syst [%] ⇢stat/⇢syst/⇢tot

BABARa µ⌫⌫ Had. 0.440 ± 0.058 ± 0.042 13.1 9.6 0.332 ± 0.024 ± 0.018 7.1 5.6 �0.45/� 0.07/� 0.31

Belleb µ⌫⌫ Semil. 0.307 ± 0.037 ± 0.016 12.1 5.2 0.283 ± 0.018 ± 0.014 6.4 4.9 �0.53/� 0.51/� 0.51

Bellec µ⌫⌫ Had. 0.375 ± 0.064 ± 0.026 17.1 7.1 0.293 ± 0.038 ± 0.015 13.0 5.2 �0.56/� 0.11/� 0.50

Belled ⇡⌫ Had. – – – 0.270 ± 0.035+0.028
�0.025 13.0 +10.3

�9.3 –

LHCbe ⇡⇡⇡⌫ – – – – 0.280 ± 0.018 ± 0.029 6.4 10.4 –

LHCbf µ⌫⌫ – – – – 0.336 ± 0.027 ± 0.030 8.0 8.9 –

Average
g

– – 0.340 ± 0.027 ± 0.013 7.9 3.8 0.295 ± 0.011 ± 0.008 3.7 2.7 �0.39/� 0.34/� 0.38

a (Lees et al., 2012, 2013)
b (Caria et al., 2020)
c (Huschle et al., 2015)
d (Hirose et al., 2018)
e (Aaij et al., 2015)
f (Aaij et al., 2018b)
g (Amhis et al., 2019)

Table XV Results of the isospin-unconstrained fits for the
BABAR analysis. The first uncertainty is statistical and the
second systematic.

Result BABAR

R(D0) 0.429 ± 0.082 ± 0.052

R(D+) 0.469 ± 0.084 ± 0.053

R(D⇤0) 0.322 ± 0.032 ± 0.022

R(D⇤+) 0.355 ± 0.039 ± 0.021

muonic tau decay channel. This is discussed in detail in
section II.

D
⇤⇤ feed-down. Excited D

⇤⇤ states decay to D
⇤, D

0

or D
± states plus additional photon, ⇡

0 or ⇡
± that can

escape detection. The semitauonic decay D
⇤⇤

⌧ ⌫ can
therefore easily lead to extraneous candidates in R(D⇤)
or R(D) analyses. The ratio between D

⇤⇤
⌧ ⌫ and D

⇤

⌧ ⌫ decays has not yet been measured and the various
experiments rely on similar theoretical prejudice (?), as-
sociated it a ±50% margin. This margin size is however
arbitrary and may lead to a common underestimate of
the systematic uncertainty due to the feed-down.

A dedicated e↵ort is presently on-going in the LHCb
experiment to better address this issue by providing to
theorist the combination of several measurements:

1. Improved measurements of B ! D
⇤⇤

`
�

⌫` decays
to light leptons, a field where some disagreement
persists between BABAR and Belle measurements
of the relative rates to D

0
1
l⌫.

2. Similar measurements but involving a hadronic de-
cay of the virtual W boson in a single ⇡ and a D

+

s

meson (?).

3. The direct measurement of a subset of D
⇤⇤ semi-

tauonic decays, relative to D1 and D
⇤
2

spectators,
along the lines mentioned in Ref. (?).

The hadronic measurements mentioned in (2) o↵er a
much better visibility of the decays involving the wide
D

⇤⇤ states since the D
(⇤)

⇡ spectrum can be measured
background-free by taking advantage of the narrow B

mass peak and performing a sideband subtraction. The
measurement with a D

+

s
meson in the final state o↵ers

two unique extra-features: the q
2 of these decays is in

the range of interest of semitauonic decays, contrarily to
those where the virtual W decays to a single pion, the
relatives rates of the various D

⇤⇤ states can be measured
when associated to a pure D

+

s
, ie., a spin-0 state, or a

D
⇤
s
, ie., a spin-1 state. It is possible to relate the mea-

surement proposed in (3) to the feed-down rate using
the well-motivated isospin symmetry (feed-down is dom-
inated by D

⇤⇤± states while LHCb will measure D
⇤⇤0),

the precise predictions of the branching fractions of vari-
ous D

⇤⇤ states to D
(⇤)

⇡ modes, and the best estimate of
the fraction of the sum of the semitauonic decays involv-
ing the sum of the two narrow states accessible to the
experiment to the total rate.

Significant progress can therefore be expected in the
control of this important common systematic uncertainty
in the near term, thanks to new measurements and a
strong interplay between theory and experiments.

Double charm production models. Decays of the form
B ! D

⇤,⇤⇤
D

⇤,⇤⇤
s

and B ! D
⇤,⇤⇤

D
⇤,⇤⇤

K
(⇤), where the

first D
⇤,⇤⇤ is partially reconstructed (spectator meson)

and the second D
⇤,⇤⇤
(s)

meson mimicks the ⌧ signal by
decaying semileptonically or to three pions, lead to fi-
nal states very similar to signal decays and are a very
significant background mode in all measurements, espe-
cially in the LHCb results. Although a wealth of mea-
surements regarding these decays has been accumulated
by BABAR, Belle, and LHCb, there are significant ar-
eas where measurements are either totally lacking or not
precise enough to constraint these double charm modes.
The decays yet to be measured precisely enough are those
that either have an excited kaon in the final state, neutral
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The LHCb experiment
GPD with focus on flavor physics 
➡ 25% of !  production with 4% of solid angle 

(2 ≤ η ≤ 5) 
➡ 100k b-hadrons produced every second 

Excellent secondary vertex 
reconstruction 

PID: π, K, p, µ

bb̄
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ALPS2017, 17-21 April 2017, Austria 

Current LHCb detector

Federico Alessio 2

Atlas/CMS

LHCb

Acceptance

LHCb proved itself to be the Forward General-Purpose Detector at the LHC:

• forward arm spectrometer with unique coverage in pseudorapidity
(2 < η < 5, 4% of solid angle)

• catching 40% of heavy quark production cross-section

• precision measurements in beauty and charm sectors
9 Δp / p = 0.4% at 5 GeV/c  to 0.6% at 100 GeV/c

9 impact parameter resolution 20 μm for high-pT tracks

9 decay time resolution 45 fs for Bs Æ J/ψ φ and Bs Æ Ds π

Muon
Charged hadron

Electron
#pKπ

#pKπ

If there is no 
other option

High precision
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Upgrades

!5

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

9 fb-1

2021 - 2029

UT
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Muon stations
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SciFi 
Tracker

Magnet

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1.1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2

Goal: 50 fb-1

Upgrade I

HLT
Software

100 kHz (2-5 GB/s)
Events on disk
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pp 

collisions
Detector 
readout

Upgrade I (being installed)

Flexible software and better trackers

Upgrade II (proposed)
Even better granularity, improved calorimeter, 

and fast timing

Goal: 250 fb-1

Upgrade II
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Busy environment

!6

ν (1.2 GeV)

µ- (3 GeV)
ρ0 → π+π-

B-factory advantages 
Lower backgrounds 

Collision momentum known 
Neutrals and electron reco

LHCb advantages 
Higher statistics 
All b-hadron species 
Larger boost

pp → XbB0
s X e+e− → B+

tag B−
sig

B− → ρ0μ−νμB0
s → μ+μ−
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pp → XbB0
s X

B0
s → μ+μ−

Vertexing and isolation

Superb vertexing by VELO (in vacuum) 
➡ Only 8.2 mm from IP, 300 μm of material 
➡ Reduced to 5.1 mm from IP, 150 μm of material in upgrade 

B mesons fly several cm thanks to large boost 

Developed isolation BDT for   measurement 
➡ Assign probability of track coming from B vertex 
➡ IPΧ2PV, IPΧ2B, pT, track angle, refitted B vertex with track

ℛ(D*)

!7



Features of LHCb measurements
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Rest Frame Approximation (RFA) for muonic τ
Same visible final state for signal/normalization 
when !  used 

➡ But !  has 3 neutrinos, while !  only 1 

B-factories effectively reconstruct !  with B-tagging 
➡ !  allows you calculate   !  

LHCb estimates !  with RFA 
➡ Good approximation thanks to large !  boost

τ− → μ−ντ ν̄μ
B → D(*)τν B → D(*)ℓν

pBsig

pBsig
= pe+e− − pBtag

pmiss = pBsig
− pD(*) − pℓ

pXb
Xb

!9

|pBsig
| =

mB

mμXc
(pμXc)z

1 + tan2 α

p
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

Phys. Rev. Lett. 115, 111803 (2015) 
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
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2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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and their kinematics.
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similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
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at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.
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boson, a particle of spin 0, similar to the recently discovered neutral 
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posed in minimal extensions of the standard model46, which are part of 
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mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
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would be affected by this kind of mediator because of its different spin.
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cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
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keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 
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where the contributions from signal decays is very small. The ∗Eℓ  
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

REVIEW RESEARCH

8  J U N E  2 0 1 7  |  V O L  5 4 6  |  N A T U R E  |  2 3 1

In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 
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where the contributions from signal decays is very small. The ∗Eℓ  
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�
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+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

Table 5: Useful charm branching fractions from the PDG 2011.

Decay mode used in BABAR B(%)

D⇤+ ! D0⇡+
67.7

! D+⇡0
30.7

Total 98.4

D0 ! K�⇡+⇡0
13.9

! K�⇡+⇡�⇡+
8.1

! K0
S⇡

+⇡�⇡0
5.4

! K�⇡+
3.9

! K0
S⇡

+⇡�
2.9

! K0
S⇡

0
1.2

! K+K�
0.4

Total 35.8

3

LHCb

LHCb

Could more than double stats adding 
other fully charged final states

LHCb only 
reconstructed

#  with 
#

D*+ → D0π+

D0 → K−π+

ℛ (D*) =
ℬ (B̄ → D*τντ)
ℬ (B̄ → D*μνμ)

Phys. Rev. Lett. 115, 
111803 (2015) 
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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and their kinematics.

Among the simplest explanations for the observed rate increases for 
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decays, which are observed to be consistent with the standard model. 
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The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
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(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
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2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

 )4
/c2

C
an

di
da

te
s /

 ( 
0.

3 
G

eV

0

200

400

600

800

1000

1200
1400

1600

1800 LHCb

* (MeV)µE
500 1000 1500 2000 2500

C
an

di
da

te
s /

 ( 
75

 M
eV

 )

0

200

400

600

800

1000

1200

1400 LHCb

)4/c2 (GeV2q
0 2 4 6 8 10 12

 )4
/c2

C
an

di
da

te
s /

 ( 
3.

25
 G

eV

0

2000

4000

6000

8000

10000

12000 LHCbData
ντ D*→B 

X')Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatorial
µMisidentified 

Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

Phys. Rev. Lett. 115, 
111803 (2015) 
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Table 5: Useful charm branching fractions from the PDG 2011.

Decay mode used in BABAR B(%)

D⇤+ ! D0⇡+ 67.7
! D+⇡0 30.7

Total 98.4

D0 ! K�⇡+⇡0 13.9
! K�⇡+⇡�⇡+ 8.1
! K0

S⇡
+⇡�⇡0 5.4

! K�⇡+ 3.9
! K0

S⇡
+⇡� 2.9

! K0
S⇡

0 1.2
! K+K� 0.4

Total 35.8

Table 6: Relative uncertainties in percent for the muonic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

Simulated sample size 6.2

Misidentified µ bkg. 4.8

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

Signal/norm. FFs 1.9

Hardware trigger 1.8

DD bkg. 1.5

MC/data correction 1.2

Combinatorial bkg. 0.9

PID 0.9

Total systematic 8.9

Total statistical 8.0

Total 12.0

3

Muonic !  systematicsℛ(D*+)

!12

FastSim gives a factor of 10×, which only covers Run 2 
Hopefully will scale with data, but it will require faster FastSim, 
faster hardware progress, or more restrictive generator cuts
Data driven procedure developed for #  will reduce it 
to less than 2% in updated measurement

ℛ(J/Ψ)

Generally, systematic uncertainties will come 
down with data, but there will probably be a  

0.5-3% systematics floor from the extrapolations 
to signal region and certain assumptions

Disappears in Run 3
Primarily data driven

Primarily data driven

Primarily data driven

Note that only 30% of the 
systematic uncertainty is 

multiplicative, so the 
majority does not scale 

with central value



SlideManuel Franco Sevilla LUV in charged-current b decays at LHCb

Muonic !ℛ(J/Ψ)
Very similar strategy to muonic !  

➡ Add decay time to separate Bc from Bu,d 
➡ Main background is muon misID

ℛ(D*+)

!13

ℛ (J/Ψ) =
ℬ (B̄c → J/Ψτντ)
ℬ (B̄c → J/Ψμνμ) 28

the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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Figure 23 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(J/ ). (Left)
Full m2

miss projection (b) m2
miss projection in the highest q2 and lowest E⇤

` bins, and (c) decay time projection in the highest
q2 and lowest E⇤

` bins.

criteria the average candidate multiplicity is 1.09 (1.03)
for charged (neutral) signal B final states. Only a single
candidate is retained with criteria depending on the
decay mode or daughter kinematics for D

⇤ 0 candidates.
For D

⇤ + a candidate is chosen at random. At this stage
about 2% of all retained events are reconstructed in both
⌧

� ! ⇡
�

⌫⌧ and ⌧
� ! ⇢

�
⌫ final states. Based on the

expectation from MC, such candidates are reconstructed
in the ⌧

� ! ⇢
�

⌫ channel. To measure R(D⇤) and
P⌧ (D⇤) a simultaneous fit of both final states is carried
out exploiting the discriminatory power of EECL and by
separating the sample into events with cos ✓h > 0 and
cos ✓h < 0. Figure ?? shows the post-fit distribution for
neutral signal final states. The free parameters of the fit
are correctly reconstructed signal, signal-cross feed (i.e.
signal events which were reconstructed in the wrong
category), other cross feed from three-prong or other
⌧ decay modes, semileptonic B ! D

⇤
`⌫̄` background,

semileptonic B ! D
⇤⇤

`⌫̄` and other backgrounds,
continuum, and fake D

⇤ candidates. The determined
signal yields are then converted into measurements of
R(D⇤) and P⌧ (D⇤)

R(D⇤) =
1

B(⌧� ! h�⌫⌧ )
⇥ ✏norm

✏sig
⇥ Nsig

Nnorm

, (51)

P⌧ (D⇤) =
2

↵

N
cos ✓h>0

sig
� N

cos ✓h<0

sig

N
cos ✓h>0

sig
+ N

cos ✓h<0

sig

, (52)

with ↵ a factor accounting for the sensitivity on the po-
larization and e�ciency di↵erences of both channels. The
obtained values are

R(D⇤) = 0.270 ± 0.035(stat)+0.028

�0.025
(syst) , (53)

P⌧ (D⇤) = �0.38 ± 0.51(stat)+0.21

�0.16
(syst) , (54)

both in good agreement with the SM expectations. Fig-
ure ?? shows a summary of the measured value compat-
ibility with the SM. The largest systematic uncertainty
on both measurements are from the composition of the
hadronic B meson background and limited MC statistics
for the fit PDFs. In Table ?? a summary of the largest
uncertainties can be found.

Table XIII Relative uncertainties in percent for Belle’s
hadronic tag measurement of R(D⇤) and P⌧ (Hirose et al.,
2016, 2018).

Result Contribution Uncertainty [%]

R(D⇤)

B ! D⇤⇤`⌫̄` 2.4

PDF modeling 3.4

Other bkg. 8.4

✏sig/✏norm 3.2

Total systematic 9.9

Total statistical 12.9

Total 16.3

P⌧

B ! D⇤⇤`⌫̄` nil

PDF modeling 33

Other bkg. 31

✏sig/✏norm nil

Total systematic 48

Total statistical 134

Total 143

2. Measurement of the D⇤
polarization with inclusive tagging

and leptonic ⌧ decays

TODO

V. COMBINATION AND INTERPRETATION OF THE
RESULTS [5–7 PAGES]

In this section we plan to provide a new world average
and discuss possible implications with respect to the SM.
In addition, we plan to combine the results of di↵erent
measurement categories (e.g. using the same tagging
method or the same tau-lepton final states) to explore
if there is a tension between the various methods. We
also want to provide a time-dependence plot, i.e. how
the measured values of R(D(⇤)) have evolved over time.
Other topics we may touch on: inclusive saturation,
common experimental systematic uncertainties, New
Physics interpretations, including their impact on the

28

the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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Figure 23 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(J/ ). (Left)
Full m2

miss projection (b) m2
miss projection in the highest q2 and lowest E⇤

` bins, and (c) decay time projection in the highest
q2 and lowest E⇤

` bins.

criteria the average candidate multiplicity is 1.09 (1.03)
for charged (neutral) signal B final states. Only a single
candidate is retained with criteria depending on the
decay mode or daughter kinematics for D

⇤ 0 candidates.
For D

⇤ + a candidate is chosen at random. At this stage
about 2% of all retained events are reconstructed in both
⌧

� ! ⇡
�

⌫⌧ and ⌧
� ! ⇢

�
⌫ final states. Based on the

expectation from MC, such candidates are reconstructed
in the ⌧

� ! ⇢
�

⌫ channel. To measure R(D⇤) and
P⌧ (D⇤) a simultaneous fit of both final states is carried
out exploiting the discriminatory power of EECL and by
separating the sample into events with cos ✓h > 0 and
cos ✓h < 0. Figure ?? shows the post-fit distribution for
neutral signal final states. The free parameters of the fit
are correctly reconstructed signal, signal-cross feed (i.e.
signal events which were reconstructed in the wrong
category), other cross feed from three-prong or other
⌧ decay modes, semileptonic B ! D

⇤
`⌫̄` background,

semileptonic B ! D
⇤⇤

`⌫̄` and other backgrounds,
continuum, and fake D

⇤ candidates. The determined
signal yields are then converted into measurements of
R(D⇤) and P⌧ (D⇤)

R(D⇤) =
1

B(⌧� ! h�⌫⌧ )
⇥ ✏norm

✏sig
⇥ Nsig

Nnorm

, (51)

P⌧ (D⇤) =
2

↵

N
cos ✓h>0

sig
� N

cos ✓h<0

sig

N
cos ✓h>0

sig
+ N

cos ✓h<0

sig

, (52)

with ↵ a factor accounting for the sensitivity on the po-
larization and e�ciency di↵erences of both channels. The
obtained values are

R(D⇤) = 0.270 ± 0.035(stat)+0.028

�0.025
(syst) , (53)

P⌧ (D⇤) = �0.38 ± 0.51(stat)+0.21

�0.16
(syst) , (54)

both in good agreement with the SM expectations. Fig-
ure ?? shows a summary of the measured value compat-
ibility with the SM. The largest systematic uncertainty
on both measurements are from the composition of the
hadronic B meson background and limited MC statistics
for the fit PDFs. In Table ?? a summary of the largest
uncertainties can be found.

Table XIII Relative uncertainties in percent for Belle’s
hadronic tag measurement of R(D⇤) and P⌧ (Hirose et al.,
2016, 2018).

Result Contribution Uncertainty [%]

R(D⇤)

B ! D⇤⇤`⌫̄` 2.4

PDF modeling 3.4

Other bkg. 8.4

✏sig/✏norm 3.2

Total systematic 9.9

Total statistical 12.9

Total 16.3

P⌧

B ! D⇤⇤`⌫̄` nil

PDF modeling 33

Other bkg. 31

✏sig/✏norm nil

Total systematic 48

Total statistical 134

Total 143

2. Measurement of the D⇤
polarization with inclusive tagging

and leptonic ⌧ decays

TODO

V. COMBINATION AND INTERPRETATION OF THE
RESULTS [5–7 PAGES]

In this section we plan to provide a new world average
and discuss possible implications with respect to the SM.
In addition, we plan to combine the results of di↵erent
measurement categories (e.g. using the same tagging
method or the same tau-lepton final states) to explore
if there is a tension between the various methods. We
also want to provide a time-dependence plot, i.e. how
the measured values of R(D(⇤)) have evolved over time.
Other topics we may touch on: inclusive saturation,
common experimental systematic uncertainties, New
Physics interpretations, including their impact on the

Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

4

Hopefully will scale with data
LQCD calculation already helps

Primarily data driven

Will come down with more robust fit

Expect a larger 
1-5% floor from 

difficulty of 
measuring FFs

Phys. Rev. Lett. 120, 
121801 (2018) 
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Hadronic* !ℛ(D*+)
Leverages additional vertex when !  is used 

➡ Main background prompt  reduced by 104 with τ flight distance 
➡ Better !  resolution thanks to more precise determination of B momentum

τ− → π−π+π−(π0)ντ
B → D*πππX

q2 and m2
miss

!14

*Actually, the #  decay is semileptonicτ− → π+π−π−ντ

23

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

Figure 14 Topology of the signal decay. A requirement on
the distance between the 3⇡ and the B0 vertices along the
beam direction to be greater than four times its uncertainty
is applied.

2. Measurement of R(D⇤) with ⌧�
! ⇡�⇡+⇡�⌫⌧

This section covers LHCb’s measurement of R(D⇤) us-
ing the ⌧ hadronic decay to 3⇡ (Aaij et al., 2018b). This
decay is a priori quite interesting to study semitauonic
decays since it is the only practical ⌧ decay channel able
to provide experimental access to the ⌧ decay vertex. It
has a large branching fraction which when aggregated
with the channel 3⇡⇡

0 equates to 13.5%,ie very compa-
rable to the muonic decay channel. Since the final state
in that case does not contain any charged lepton, the
background from “bread and butter” hadronic B decays
is initially very large. However, this background can be
reduced by four orders of magnitude using the fact that,
due to the finite ⌧ lifetime, the 3⇡ vertex will lie down-
stream of the B vertex, in contrast with the typical topol-
ogy where the 3⇡ vertex sits at the B vertex. This dis-
tinctive detached topology is illustrated on Fig. 14. The
remaining background will consists of B decays to double
charm which when one of the charm particles decays to
3⇡ has the same topology. Figure 15 shows the distribu-
tion of the detachment significance �z/�z for the three
event categories. The experimental challenge consists
therefore in the precise measurement of the position of
these vertices. This is ideally done at the LHCb where B
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Figure 15 Distribution of the distance between the B0 ver-
tex and the 3⇡ vertex along the beam direction, divided by
its uncertainty, obtained using simulation. The vertical line
shows the 4� requirement used in the analysis to reject the
prompt background component.

hadrons are produced with a large boost, around 40, lead-
ing to extremely clean separation of the secondary from
primary vertex, and of the tertiary vertex from secondary
vertex. The primary vertex reconstruction is based on
the reconstruction of about 100 tracks from the p-p inter-
action and its locations is therefore known to an excellent
precision around 10 µC. The 3⇡ vertex of a ⌧ decay is
known to about 150 µC along the z-direction, and the B
vertex, defined as the intersection of the D

⇤ and ⇡ line of
flight to a similar precision. The key variable ,�z/⌃�z,
provides therefore an extremely clean separation between
the majority of the B decays where the 3⇡ tracks are
produced at the B vertex (called prompt 3⇡ events here-
after), and those coming from double charm of ⌧ decays
where the ⇡ are detached from the beam (Fig. ??). In
order to obtain the maximum rejection against prompt
3⇡ events, it is necessary to reject the various sources
that can fake a detached 3 ⇡ vertex: presence of a un-
correlated vertex in the beam pipe due to beam gas or
di↵ractive event, or in the beam pipe or at larger ra-
dius due to interaction in the material, events where the
D

⇤ and the three-⇡ system are attached to two di↵er-
ent primary vertices. To reject fake detached vertices,
where the D

⇤ and the 3⇡ come from the two di↵erent
B-hadrons present in the event, strict charge isolation is
required and candidates are kept only if there is only one
candidate per event. In addition, it is required that the
D

⇤ 3⇡ system points back to its primary vertex within
20 mrad.

After these selection requirements, the resulting 3⇡

mass spectrum (Fig.16 exhibits some distinctive features,
a very clean D

+

s
peak , a smaller D

+ signal, a very small
tail above the D

+

s
mass indicating the small level of com-

binatoric events, and a significant drop above 1.4 GeV/c
2,

due to the end of phase space for the decays D! K3⇡,
which can be used to control the D

0 and D
+ compo-

nents. The number of candidates coming from D
+

s
de-
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Figure 16 Distribution of the 3⇡ mass for candidates after
the detached-vertex requirement. D+ and D+

s mass peaks
are indicated.

cays is about 30 times larger than the observed exclu-
sive decays of D

+

s
in exactly 3⇡. D

+

s
decays proceed

mainly to ⌘, ⌘
0,! and � mesons, as spectators and a ⇡, a

⇢ or a a1 at the virtual W vertex. The 3⇡ final state is
therefore very common and represents about 30% of the

double-charm background over the signal after the
detached-vertex requirement. Figure 3 shows the 3π mass
data distribution after the detached-vertex requirement,
where peaking structures corresponding to the Dþ → 3π
decay and Dþ

s → 3π decay—a very important control
channel for this analysis—are clearly visible.

2. Background from other sources

Requirements additional to the detached vertex are
needed to reject spurious background sources with vertex
topologies similar to the signal. The various background
sources are classified to distinguish candidates where the 3π
system originates from a common vertex and those where
one of the three pions originates from a different vertex.
The background category, where the 3π system stems

from a common vertex, is further divided into two different
classes depending on whether or not theD"− and 3π system

originate from the same b hadron. In the first case, the 3π
system either comes from the decay of a τ lepton or a D0,
Dþ, Dþ

s or Λþ
c hadron. Candidates originating from b

baryons form only 2% of this double-charm category.
In this case, the candidate has the correct signal-like vertex
topology. Alternatively, it comes from a misreconstructed
prompt background candidate containing a B0, Bþ, B0

s or
Λ0
b hadron. The detailed composition of these different

categories at the initial and at the final stage of the analysis
is described in Sec. III G. In the second case, the D"− and
the 3π systems are not daughters of the same b hadron. The
3π system originates from one of the following sources:
the other b hadron present in the event (B1B2 category); the
decay of charm hadrons produced at the PV (charm
category); another PV; or an interaction in the beam pipe
or in the detector material.
The 3π background not originating from the same vertex

is dominated by candidates where two pions originate from
the same vertex whilst the third may come directly from the
PV, from a different vertex in the decay chain of the same b
hadron, from the other b hadron produced at the PV, or
from another PV. Due to the combinatorial origin of this
background, there is no strong correlation between the
charge of the 3π system and the D"− charge. This enables
the normalization of the combinatorial background with the
wrong-sign data sample.

3. Summary of the topological selection requirements

The requirements applied to suppress combinatorial and
charm backgrounds, in addition to the detached-vertex
criterion, are reported in Table I. These include a good
track quality and a minimum transverse momentum of
250 MeV=c for each pion, a good vertex reconstruction
quality for the 3π system and large χ2IP with respect to any
PV for each pion of the 3π system and for the D̄0 candidate,
where χ2IP is defined as the difference in the vertex-fit χ

2 of a

FIG. 1. Topology of the signal decay. A requirement on the
distance between the 3π and the B0 vertices along the beam
direction to be greater than four times its uncertainty is applied.
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FIG. 2. Distribution of the distance between the B0 vertex and
the 3π vertex along the beam direction, divided by its uncertainty,
obtained using simulation. The vertical line shows the 4σ
requirement used in the analysis to reject the prompt background
component.
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FIG. 3. Distribution of the 3π mass for candidates after the
detached-vertex requirement. The Dþ and Dþ

s mass peaks are
indicated.
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p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.

true
2q)/

true
2q−

reco
2q(

-1 -0.5 0 0.5 1

ar
bi

tr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
LHCb simulation

FIG. 8. Difference between the reconstructed and true q2

variables divided by the true q2, observed in the B0 →
D"−τþντ simulated signal sample after partial reconstruction.
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~18% FWHM 
and smaller 

tails than RFA

ℛ (D*) =
ℬ (B̄ → D*τντ)
ℬ (B̄ → D*πππ)

×
ℬ (B̄ → D*πππ)
ℬ (B̄ → D*μνμ)

Measure this ratio

!  depends on 
external branching 

fractions

ℛ(D*+)

Phys. Rev. D 97, 
072013 (2018) 
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Hadronic* !  systematicsℛ(D*+)

Similarly to previous 
measurements, many 
systematic uncertainties 
are expected to scale 
down with data 
However, a floor of 
~3-4% is more likely 
due to dependence from 
external branching 
fraction measurements

!15

*Actually, the #  decay is semileptonicτ− → π+π−π−ντ

without. Due to the limited size of the simulation samples
used to build the templates (the need to use templates from
inclusive b -hadron decays requires extremely large sim-
ulation samples), the existence of empty bins in the
templates introduces potential biases in the determination
of the signal yield that must be taken into account. To study
this effect, a method based on the use of kernel density
estimators (KDE) [48] is used. For each simulated sample,
a three-dimensional density function is produced. Each
KDE is then transformed in a three-dimensional template,
where bins that were previously empty may now be filled.
These new templates are used to build a smoothed fit
model. The fit is repeated with different signal yield
hypotheses. The results show that a bias is observed for
low values of the generated signal yield that decreases
when the generated signal yield increases. For the value
found by the nominal fit, a bias ofþ40 decays is found, and
is used to correct the fit result.
The statistical contribution to the total uncertainty is

determined by performing a second fit where the param-
eters governing the templates shapes of the double-charmed
decays, fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X, fðDþ
s XÞs and fv1v2D0 , are fixed

to the values obtained in the first fit. The quadratic
difference between the uncertainties provided by the two
fits is taken as systematic uncertainty due to the knowledge
of the B → D"−Dþ

s X and B → D"−D0X decay models, and
reported in Table VII.

VI. DETERMINATION OF
NORMALIZATION YIELD

Figure 7 shows the D"−3π mass after the selection of
the normalization sample. A clear B0 signal peak is seen.
In order to determine the normalization yield, a fit is

performed in the region between 5150 and 5400 MeV=c2.
The signal component is described by the sum of a
Gaussian function and a Crystal Ball function [49]. An
exponential function is used to describe the background.
The result of the fit is shown in Fig. 19. The yield obtained
is 17808% 143.
The fit is also performed with alternative configurations,

namely with a different fit range or requiring the common
mean value of the signal functions to be the same in the 7
and 8 TeV data samples. The maximum differences
between signal yields in alternative and nominal configu-
rations are 14 and 62 for the 7 and 8 TeV data samples,
respectively, and are used to assign systematic uncertainties
to the normalization yields.
Figure 20 shows the mð3πÞ distribution for candidates

with D"−3π mass between 5200 and 5350 MeV=c2 for the
full data sample. The spectrum is dominated by the

 [ps]τt
0 0.5 1 1.5 2

C
an

di
da

te
s 

/ (
 0

.2
5 

ps
 )

0

500

1000

1500

2000

2500

3000

3500 LHCb
Data
Total model

τν+τ−*D→0B
τν+τ**D→B
(X)+

sD−*D→B
(X)+D−*D→B
Xπ3−*D→B
(X)0D−*D→B

Comb. bkg.

(a)

]4c/2 [GeV2q
0 5 10

 )4 c/2
C

an
di

da
te

s 
/ (

 1
.3

75
 G

eV

0

500

1000

1500

2000

2500
(b)

BDT
0 0.1 0.2 0.3

C
an

di
da

te
s 

/ 0
.1

 

0

1000

2000

3000

4000

5000

6000 (c)
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components are described in the legend.

TABLE VI. Fit results for the three-dimensional fit. The
constraints on the parameters fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X and
fðDþ

s XÞs are applied taking into account their correlations.

Parameter Fit result Constraint

Nsig 1296% 86
fτ→3πν 0.78 0.78 (fixed)
fD""τν 0.11 0.11 (fixed)
Nsv

D0 445% 22 445% 22

fv1v2D0 0.41% 0.22
NDs

6835% 166
fDþ 0.245% 0.020
NB→D"3πX 424% 21 443% 22
fDþ

s
0.494% 0.028 0.467% 0.032

fD"þ
s0

0þ0.010
−0.000 0þ0.042

−0.000
fDþ

s1
0.384% 0.044 0.444% 0.064

fDþ
s X 0.836% 0.077 0.647% 0.107

fðDþ
s XÞs 0.159% 0.034 0.138% 0.040

NB1B2 197 197 (fixed)
NnotD" 243 243 (fixed)
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Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

4

Phys. Rev. D 97, 
072013 (2018) 
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Muonic vs Hadronic τ decay
Run 1 measurements show key features of future LHCb LUV possibilities 

➡ Dominated by systematics, but will scale with data for the most part
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~28% 
FWHM and 

long tail

Muonic decays of τ 
allow for precise 

determinations of 
  at higher stats𝓡(Xc)

Systematics floor probably 0.5-3% Systematics floor 1-5% due to FFs

Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

Muonic R(D⇤+) Uncert. [%]

Total systematic 8.9

Total statistical 8.0

Total 12.0

Muonic R(J/ ) Uncert. [%]

Total systematic 25.4

Total statistical 23.9

Total 34.9

Hadronic R(D⇤+) Uncert. [%]

Total systematic 9.0

Total external 4.4

Total statistical 6.5

Total 12.0
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Total 34.9

Hadronic R(D⇤+) Uncert. [%]

Total systematic 9.0

Total external 4.4

Total statistical 6.5

Total 12.0

3

p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.
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FIG. 8. Difference between the reconstructed and true q2

variables divided by the true q2, observed in the B0 →
D"−τþντ simulated signal sample after partial reconstruction.
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FIG. 9. Distribution of the reconstructed 3πN mass observed in
a data sample enriched by B → D"−Dþ

s ðXÞ candidates.
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~18% 
FWHM and 
smaller tails 
than RFA

  precision with 
hadronic decays of τ  

may be limited by 
external measurements

ℛ(Xc)

But may allow 
for better 

measurements 
of kinematic 
distributions

Systematics floor 3-4% due to BFext

Phys. Rev. D 97, 072013 (2018) 

Note that the majority of the uncertainty 
does not scale with central value
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Upcoming measurements
Analyses at an advanced stage 

➡ Run 1 muonic !  

➡ Hadronic !  

Analyses in early to very early stages primarily using Run 2 
➡ Run 2 muonic ! , muonic !  

➡ Run 2 hadronic ! , hadronic ! , hadronic !  

➡ Muonic !  

➡ Hadronic !  polarization of D* and τ  
➡ Muonic !  angular distributions 

➡ !  

➡ Muonic ! , hadronic !  

➡ Run 2 muonic ! , hadronic !  

➡ Muonic ! , hadronic !

ℛ(D0) − ℛ(D*)
ℛ(D**)

ℛ(D0) − ℛ(D*) ℛ(D+) − ℛ(D*+)
ℛ(D*+) ℛ(D0) − ℛ(D*) ℛ(D+) − ℛ(D*+)

ℛ(pp̄)
B → D*+τν

B → D*+τν
ℛ(D*+)light

ℛ(Ds) − ℛ(D*s ) ℛ(Ds) − ℛ(D*s )
ℛ(J/Ψ) ℛ(J/Ψ)

ℛ(Λc) ℛ(Λc)

!18

Some of these may take 
several years, but aim to 

cover as many 
observables as possible

B0, B+

B0
s

B+
c

Λ0
b
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Assumptions on evolution of !ℛ(Xc)

Extrapolate !  based on Run 1 muonic !  assuming  
➡ 2× more stats starting in Run 1 from adding !  
➡ 3× more stats starting in Run 2 from better HLT (1.5×) and cross section (2×) 
➡ 2× more stats starting in Run 3 from no hardware trigger 
➡ Systematics scale with data but floor of 0.5% (optimistic) and 3% (pessimistic) 

Extrapolate !  based on Run 1 muonic !   
➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) 

Estimate the other species based on !  extrapolation and 
➡ 1/4× stats for !  from smaller BF and no feed-down 

➡ 1/16× stats for !  from !  and extra track (1/2×) 

➡ 1/6× stats for  from  ~ 1/4, extra track (1/2×), and larger Λc BF 

➡ 1/20× stats for !  from !  ~ 1/4, two slow pions and lower BF 

➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) but for !  same as !

𝓡(D*) ℛ(D*+)
𝓡(D*0)

𝓡(J/Ψ) ℛ(J/Ψ)

ℛ(D*)
𝓡(D)

𝓡(D(*)
s ) fs/( fu + fd)

𝓡(Λc) fΛb
/( fu + fd)

𝓡(Λ*c ) fΛb
/( fu + fd)

ℛ(D) ℛ(D*)

!19

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

1.1 2.0 - - 0.3 1.7 1.7 2.2 - - - 8.3 8.3 8.3 - - - 8.3 8.3 8.3 - 50 50 50 - 50 50 fb-1

Rough assumptions 
based on BFs and 

fragmentation fractions and 
building on work from 

Patrick Owen

https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
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Prospects for !ℛ(Xc)
Enormous improvement from Upgrade I (Runs 3+4) 

➡ 50 fb-1 plus factor of two from no hardware trigger 

After Upgrade II (Runs 5+6) it depends on systematics scenario 
➡ Significant gains for ! , ! , and !  if we can control FF systematics𝓡(J/Ψ) 𝓡(D(*)

s ) 𝓡(Λ*c )

!20

LHCb  
unofficial

Pessimistic 
systematics scenario

Optimistic 
systematics scenario

LHCb  
unofficial Upgrade IIUpgrade I

Upgrade II

Upgrade I
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Measuring distributions
Upgrades give access kinematic distributions sensitive to NP  
➡ Instrumental in characterizing any anomaly 
➡ Unique sensitivity to  ,  , and !  (see following talk by A. Datta)Bs → D(*)

s τν Bc → J/Ψτν Λb → Λcτν

!21

18 CHAPTER 2. THEORY OF B → D(∗)τ− ντ DECAYS
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Figure 2.5: q2 spectrum for a) B → Dτ− ντ and b) B → D∗τ− ντ decays. The symbol tβ/mH refers
to tanβ/mH± . The area of all curves is normalized to unity.

Table 2.1: Comparison of R(D(∗)) and the average q2
〈
q2
〉
for different values of tanβ/mH± .

B → Dτ− ντ B → D∗τ− ντ

tanβ/mH± (GeV− 1 ) 0.0 0.3 0.5 1.0 0.0 0.3 0.5 1.0

R(D(∗)) 0.297 0.135 0.547 13.512 0.252 0.236 0.235 0.617

< q2 > (GeV2) 7.43 7.03 8.64 8.68 7.59 7.68 7.71 7.43

(which used SM assumptions). The impact of a charged Higgs is larger on R(D) than on R(D∗)

because B → D∗τ− ντ decays receive contributions from H±(q2), which dilute the NP contribution

affecting only H2HDM
s (q2).

This figure also illustrates the negative interference between the virtual W and H± (Eq. 2.37).

The values of R(D(∗)) decrease until the H± contribution to H2HDM
s equals the SM contribution,

which happens at tanβ/mH± ∼0.31GeV− 1 for B → Dτ− ντ decays and at tanβ/mH± ∼0.42GeV− 1

for B → D∗τ− ντ decays. For large tanβ/mH± , the Higgs contribution completely dominates and

R(D) and R(D∗) increase rapidly.

Figure 2.5 shows the impact of the 2HDM on the q2 spectrum. Given that the B and D mesons

have spin 0, the SM decays B → DW ∗ must proceed via S-wave when the spin of the W ∗ is 0 and

via P -wave when the spin is 1. The P -wave adds an additional factor of |p∗
D|2 to the decay rate,

which shifts the q2 spectrum to lower values.

Since the charged Higgs has spin 0, its contribution always proceeds via S-wave, and, thus, has

a larger average q2 than the SM contribution. As a result, for low values of tanβ/mH± where the

negative interference causes H2HDM
s to be smaller than HSM

s , the q2 spectrum shifts to lower values

(see the curve for tanβ/mH± = 0.3GeV− 1 in Fig. 2.5). For large values of tanβ/mH± , the Higgs

2.2. TWO-HIGGS-DOUBLET MODEL OF TYPE II 19
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Figure 2.6: cosθτ spectrum integrated over q2 for a) B → Dτ−ντ and b) B → D∗τ−ντ decays. The
symbol tβ/mH refers to tanβ/mH± . The area of all curves is normalized to unity.

contribution dominates the decay rate increasing the average q2 (Table 2.1).

In contrast, the SM decays B → D∗W ∗ can proceed via S, P , or D-waves because the D∗

meson has spin 1. The 2HDM decay B → D∗H±, on the other hand, must proceed via P -wave,

with the additional factor of |p∗
D∗ |2 in the decay rate and, thus, lower q2 spectrum (see the curve

for tanβ/mH± = 1.0GeV−1 in Fig. 2.5). These changes in the q2 spectrum will have a significant

impact in our measurements when scanning the 2HDM, due to the close relation between q2 and

m2
miss, one of our fit variables.

Figure 2.6 shows the impact of the 2HDM on the cos θτ spectrum. For large values of tanβ/mH± ,

the Higgs contribution dominates and H2HDM
s ≫ H±,0. Since the term in Hs of Eq. 2.11 does not

depend on cos θτ , the cos θτ spectrum tends to become flat as tanβ/mH± increases.

This variable is not experimentally accessible, but there is a related issue that will somewhat

impact our measurement of 2HDM contributions. Since anti-neutrinos have positive helicity and the

Higgs boson has spin zero, the 2HDM decays H− → τ−ντ always produce τ− leptons with positive

helicity. This is reflected in the leptonic currents or Eq. 2.8, where L−
s = 0. As a result, the τ−

helicity goes from 30% positive in the SM, to 100% positive when the Higgs contributions dominate.

This change in the τ− polarization affects the momentum spectrum of the secondary lepton ℓ− from

the decay τ− → ℓ−ντνℓ.

The spectrum of polarized τ± → ℓ±νℓντ decays is described in the τ± frame by [30]

dΓ(τ± → ℓ±νℓντ )

dxd cosθ
=

G2
Fm

5
τ

3×26π3
x2 [3−2x ± cos θ(2x−1)] . (2.43)

Here, the mass of ℓ± is neglected, x = Eℓ
Emax

= 2p∗∗
ℓ

mτ
, p∗∗ℓ is the ℓ± momentum in the τ± frame, and

θ is the angle between the momentum of ℓ± and the τ± polarization. For τ− leptons with negative

p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.
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FIG. 8. Difference between the reconstructed and true q2

variables divided by the true q2, observed in the B0 →
D"−τþντ simulated signal sample after partial reconstruction.
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FIG. 9. Distribution of the reconstructed 3πN mass observed in
a data sample enriched by B → D"−Dþ

s ðXÞ candidates.
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Figure 5.4: Angular resolution for simulated B! D⇤µ⌫ (black) and B! D⇤⌧⌫ (red) decays,
with ⌧+ ! µ+⌫⌫. This demonstrates our ability to resolve the full angular distribution, with
some level of statistical dilution.

5.3.2 Prospects with other b hadrons

As measurements in R(D⇤) become more statistically precise, it will become increasingly more
important to provide supplementary measurements in other b-hadron species with di↵erent
background structure and di↵erent sources of systematic uncertainties. For example, the
B0

s ! D+
s ⌧�⌫ and B0

s ! D⇤+
s ⌧�⌫ decays will allow supplementary measurements at high yields,

and do not su↵er as badly from cross-feed backgrounds from other mesons, unlike, for example,
B0 ! D⇤+⌧�⌫, where the B+ and B0

s both contribute to the D⇤+µX or D⇤+⇡�⇡+⇡�X final
states. Furthermore, the comparison of decays with di↵erent spins of the b and c hadrons can
enhance the sensitivity to di↵erent NP scenarios [208,219]. No published measurements exist for
the B0

s case yet, but based on known relative e�ciencies and assuming the statistical power of
this mode tracks R(D(⇤)), we expect less than 6% relative uncertainty after Run 3, and 2.5%
with the Upgrade II data, where limiting systematic uncertainties are currently expected to
arise from corrections to simulated pointing and vertex resolutions, from knowledge of particle
identification e�ciencies, and from knowledge of the backgrounds from random combinations
of charm and muons. It is conceivable that new techniques and control samples could further
increase the precision of these measurements.

Methods are currently under development for separating the B0
s ! D⇤+

s `�⌫ and B0
s ! D+

s `�⌫
modes, and given the relative slow pion (D⇤+ ! D0⇡+) and soft photon (D⇤+

s ! D+
s �) e�ciencies,

the precision in B0
s ! D+

s ⌧⌫ decays can be expected to exceed that in B0
s ! D⇤+

s ⌧⌫, the reverse
of the situation for R(D(⇤)). An upgraded ECAL would extend the breadth and sensitivity of

R(D⇤(⇤)+

s ) measurements possible in the Upgrade II scenario above and beyond the possible
benefits of improved neutral isolation in R(D) or R(D+

s ) measurements.
Of particular interest are the semitauonic decays of b baryons and of B+

c mesons. The

49

#B → D*τν

#B → D*τν

#B → Dτν

#B → Dτν

#  
#
B → D*ℓν
B → D*τν

τ− → π−π+π−νττ− → μ−ντ ν̄μ

τ− → μ−ντ ν̄μ

The hadronic reconstruction 
of the τ provides higher 

sensitivity, but the muonic 
reconstruction can also 

contribute

Impact of 2HDM on q2 and θτ = π - θL LHCb resolution on q2 and θL
MFS "Evidence for an excess of 

 decays" Dissertation, 
Stanford University (2012) 
B → D*+τν

LHCC-2018-027 
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Challenges of measuring distributions at LHCb

Larger backgrounds and lack of full event reconstruction 
make distributions challenging 

➡ Upgrade 2 samples may allow for techniques such as !  tagging 

Run 1 hadronic measurement already shows some 
sensitivity to q2 distribution

B*s2 → B+K−

!22

APPENDIX: SYSTEMATIC UNCERTAINTIES
ON THE q2 SPECTRA

To assess the systematic uncertainty on the measured q2

distributions of !B ! Dð"Þ!$ !"! decays, we examine their
sensitivity to the estimated contributions from background
and normalization events. The q2 distributions of signal

and the various backgrounds are presented in Fig. 25 (left).
There is good agreement between the data and the
background contributions as derived from the isospin-
constrained fit. To further examine the shape of the fixed
contributions from B !B and continuum background, we
show two comparisons with data control samples: one for
medium values of Eextra in the mES peak regions without
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FIG. 25 (color online). Assessment of the uncertainties on the q2 distributions of background events with m2
miss > 1:5 GeV2. Left:

results of the isospin-constrained fit for the SM. Center: sample with 0:5<Eextra < 1:2 GeV and 5:27<mES < 5:29 GeV. Right:
sample satisfying the BDT requirements in the 5:20<mES < 5:26 GeV region. The data/MC plots show a fourth order polynomial fit
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See Fig. 15 for a legend.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 

200

400

600

800

–2 –1 0 1
0

500

1,000

Ev
en

ts
 p

er
 0

.0
5 

G
eV

2

m2
miss (GeV2)

a

d

2 3 4

Data
B → DWQ
B → D∗WQ
B → D  Q
B → D∗  Q 
B → D∗∗(  /W)Q
Background

BaBar

100

200

–2 0 2 4 6 8 10
0

50

100

150

Ev
en

ts
 p

er
 0

.2
5 

G
eV

2

m2
miss (GeV2)

b

e

BaBar

100

200

300

0 0.5 1 1.5 2
0

50

100

150

Ev
en

ts
 p

er
 0

.1
 G

eV

 (GeV)∗E

c

f

m2
miss > 1 GeV2

m2
miss > 1 GeV2

BaBar

E∗P (GeV)

Ev
en

ts
 p

er
 0

.0
75

 G
eV

0

1,000

2,000

3,000

4,000
q2 > 9.35 GeV2 LHCbi

0 0.5 1 1.5 2 2.5
m2

miss (GeV2)
–2 0 2 4 6 8 10

Ev
en

ts
 p

er
 0

.3
 G

eV
2

0

1,000

2,000

3,000

4,000
q2 > 9.35 GeV2 LHCbh

m2
miss (GeV2)

–2 –1 0 1 2 3 4

Ev
en

ts
 p

er
 0

.3
 G

eV
2

0

5,000

10,000

15,000

20,000 –0.40 < q2 < 2.85 GeV2g LHCb
Data
B → D∗WQ
B → D∗Hc 
(→  QX′)X
B → D∗∗  Q
B → D∗PQ
Combinatorial
Misidentified P

Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 
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keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

σstat (ℛ(D*)) = 7.1 % σstat (ℛ(D*)) = 8.0 %
BaBar

m2
miss > 1.5 GeV2

No #  cut so 
difficult to compare

mmiss
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FIG. 17. Distributions of (a) tτ and (b) q2 in four different BDT bins, with increasing values of the BDT response from top to bottom.
The fit components are described in the legend.
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Possible sensitivity to angular distributions

Hadronic analyses expected to have good angular sensitivity 
➡ Hill, John, Ke, Poluektov, JHEP 2019, 133 (2019) 1908.04643
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Figure 1: (Top) True (red) and reconstructed (blue) angular distributions from 100,000
generated B0 ! D⇤�⌧+⌫⌧ events. (Bottom) Distributions of reconstructed angular vari-
ables versus true, where darker colours indicate a higher density of events.

the event migration is to reduce the density variation across the phase space, but a bias in
cos ✓L towards more positive values is also evident.

Due to the reconstruction-induced event migration, a parametric fit to the reconstructed
decay angles using Eq. (1.1) cannot be used to measure the IX coefficients. Any attempt
to correct the reconstruction biases leads to a dependence on the model used in the Monte
Carlo from which the correction is derived. Instead, it is demonstrated that the IX co-
efficients can be measured with a binned fit using multidimensional histogram templates,
where the angular degradation and other detector effects are included directly in each of
the twelve templates that describe the signal probability density function (PDF).

Angle Res. µ Res. �

cos ✓D 0.00 0.23
cos ✓L 0.15 0.65

� -0.01 rad 2.24 rad

Table 2: Angular variable resolution mean (µ) and width (�) determined using gen-
erated B0 ! D⇤�⌧+⌫⌧ events. The resolution is defined as aReco � aTrue, where
a 2 {cos ✓D, cos ✓L, �}.
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Figure 9: One-dimensional projections of the Nsig = 8, 000 binned fit, where the solid
points represent the data and the filled histograms represent each fit component. The total
B0 ! D⇤�⌧+⌫⌧ signal, given by the sum of all twelve angular terms, is shown in red.

the 23 and 50 fb�1 scenarios, it is well motivated to continue performing measurements of
this type during Run 4 of the LHC. This is highlighted by the derived value of FL(D⇤)

value, which is found to be 0.446 ± 0.010.

5.2 Fit stability validation

To demonstrate the stability and accuracy of the three fit scenarios, many pseudo-
experiments (“toys”) based on the fits are run. Using the template PDFs and the yields from
the 9, 23, and 50 fb�1 fits, toy datasets are generated where the number of events is inde-
pendently determined in each bin according to Poisson variations of the bin content. The
template fit is applied to each toy dataset, and pull distributions are created for all freely
varying fit parameters. All pull distributions have mean values close to zero and widths
close to unity, as expected for an unbiased fit returning the appropriate uncertainties.

5.3 B-factory scenario

Complementary to LHCb, the Belle II experiment [48, 49] can use an anticipated 50 ab�1

dataset to measure the angular coefficients in B ! D⇤⌧⌫⌧ decays. The bb̄ production cross
section is much lower in e+e� collisions compared to pp, but the well-defined initial state and
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combinatorial background at Belle II and LHCb differ, the B backgrounds generated in
Sec. 4 are still the most important. Thus, a data sample is created containing 7000 signal
events with 18.6% purity, where the relative background fractions remain the same as those
used in Sec. 4.

Results for 50 ab�1 of e+e� data (Nsig = 7000): The four-dimensional template fit
to the B-factory sample is performed in ((cos ✓D, cos ✓L, �)Reco, BDT) variable space, where
the decay angles are calculated using the true B meson four-vector to mimic the benefit of
the hadronic tagging. The number of bins in each dimension is chosen in the same manner
as the LHCb scenario fits. The signal fraction is measured to be fsig = 0.195 ± 0.014 (7.0%
relative uncertainty) and is consistent with the input value. The uncertainties on the IX
measurements are compared to the 23 fb�1 LHCb scenario in Fig. 11. Even though the
B-factory signal yield is lower, the overall IX precision is competitive due to the higher
purity and constraint on the initial state from the tagging of the other B decay.
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Figure 11: Comparison of absolute IX coefficient statistical uncertainties in the
Nsig = 40, 000 hadron collider template fit (navy) and the Nsig = 7, 000 B-factory fit (green).
The average uncertainties over all IX coefficients are indicated by the dotted lines.

5.4 Systematic uncertainties

The dominant systematic uncertainty comes from the assumed accuracy of the templates
used to model the background. Measured branching fractions are used to define the con-
tribution from each background decay, so these are varied within their uncertainties to
determine the appropriate uncertainty. Similarly, fixed fractions are used to define the
feed-down contribution, which has not yet been confirmed experimentally and thus a 40%
variation around fD⇤⇤ = 0.11 is used. Smaller variations in the angular coefficient mea-
surements are seen when the number of bins in the weighting procedure is varied from the
default 303 binning. The total systematic uncertainties are found to be small relative to
the statistical uncertainties, even in the highest yield case. The systematic uncertainties
are shown to modestly increase the error bars in Fig. 10.
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A Decay angle definitions

In this work, ✓D is defined as the angle between the direction of the D0 meson and the
direction opposite that of the B0 meson in in the D⇤� meson rest frame. The angle ✓L is
defined as the angle between the direction of the ⌧+ lepton and the direction opposite that
of the B0 meson in in the mediator (W+) rest frame. The angle � is the angle between the
plane containing the ⌧+ and ⌫⌧ and the plane containing the D0 and pion from the D⇤� in
the B0 rest frame. The three decay angles are displayed graphically in Fig. 12. Explicitly,
the decay angles are defined following the definitions in Ref. [32]

cos ✓D =
⇣
p̂(D⇤�)
D0

⌘
·
⇣
p̂(B0)
D⇤�

⌘
=

⇣
p̂(D⇤�)
D0

⌘
·
⇣

� p̂(D⇤�)
B0

⌘
, (A.1)

cos ✓L =
⇣
p̂(W+)
⌧+

⌘
·
⇣
p̂(B0)
W+

⌘
=

⇣
p̂(W+)
⌧+

⌘
·
⇣

� p̂(W+)
B0

⌘
, (A.2)

cos � =
⇣
p̂(B0)
⌧+ ⇥ p̂(B0)

⌫⌧

⌘
·
⇣
p̂(B0)
D0 ⇥ p̂(B0)

⇡�

⌘
(A.3)

where the p̂(Y )
X are unit vectors describing the direction of a particle X in the rest frame of

the system Y . In every case the particle momenta are first boosted to the B0 rest frame.
In this basis, the angular definition for the B̄0 decay is a CP transformation of that for the
B0 decay.

Angular observables à la K⇤µµ

• Reconstruct these three angles using the same momentum

estimates for B and ⌧ that go into q2 e.t.c.

W rest frame
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<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

✓L
<latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit>

✓D
<latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

~pB̄0
<latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit>
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Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.

– 21 –

is measured above the Standard Model (SM) expectation in results from the B-factories [1–
6] and LHCb [7, 8]. The current global averages of experimental results agree with the SM
predictions [9] at only ⇠ 3 standard deviations:

R(D⇤)exp = 0.295 ± 0.014 , R(D)exp = 0.340 ± 0.030 ,

R(D⇤)SM = 0.258 ± 0.005 , R(D)SM = 0.299 ± 0.003 .

In order to further characterise the underlying physics in b ! c⌧⌫⌧ transitions, it is
necessary to study the kinematics of semitauonic B decays in addition to their rates. Many
polarisation and asymmetry observables have been shown to discriminate between the SM
and NP scenarios [10–25]. One such example is the D⇤ longitudinal polarisation fraction,
which has recently been measured to be FD⇤

L = 0.60 ± 0.09 [26]. Several calculations of
the SM expectation exist, which centre around 0.45 [17, 20, 27–30]; this tension constitutes
another potential indication of deviation from the SM.

Complete information on the B0 ! D⇤�⌧+⌫⌧ decay kinematics is ultimately obtained
from the full angular decay rate [30]

d4�

dq2 d(cos ✓D) d(cos ✓L) d�
/ I1c cos2 ✓D + I1s sin2 ✓D

+ [I2c cos2 ✓D + I2s sin2 ✓D] cos 2✓L

+ [I6c cos2 ✓D + I6s sin2 ✓D] cos ✓L

+ [I3 cos 2� + I9 sin 2�] sin2 ✓L sin2 ✓D

+ [I4 cos � + I8 sin �] sin 2✓L sin 2✓D

+ [I5 cos � + I7 sin �] sin ✓L sin 2✓D ,

(1.1)

where the angles (✓D, ✓L, �) parameterise the spin-0 B0 meson decay topology, and are
defined in App. A. This expression involves a sum of twelve independent angular functions,
each of which is multiplied by a coefficient IX (X 2 {1c, 1s, 2c, 2s, 3, 4, 5, 6c, 6s, 7, 8, 9}) that
encapsulates the dependence on the square of the dilepton invariant mass, q2, form factors,
and the fundamental couplings. The angular distribution can reveal the influence of NP
even if R(D⇤) becomes fully compatible with the SM.

Angular analysis is well established in the study of rare dimuon decays such as
B0 ! K⇤0µ+µ� [31, 32]. The principal advantage of the technique is that the coefficients
contain all form factor dependence, so there is no experimental uncertainty due to a choice
of form factor scheme. Combinations of the angular coefficients can also reduce depen-
dence on the form factors in subsequent phenomenological interpretations. The difficulty
that arises in applying angular analysis methods to semitauonic decays is the missing in-
formation due to the lost neutrinos in both the B and ⌧ decays, which strongly sculpts the
angular distribution and makes a parametric fit to data impossible.

In this paper, a novel approach is presented that uses a multidimensional template
fit in the angular basis to measure the IX coefficients in a model-independent manner
without statistical biases. The technique assumes and requires excellent agreement between
data and simulated samples for the construction of the templates, which must describe all
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A Decay angle definitions

In this work, ✓D is defined as the angle between the direction of the D0 meson and the
direction opposite that of the B0 meson in in the D⇤� meson rest frame. The angle ✓L is
defined as the angle between the direction of the ⌧+ lepton and the direction opposite that
of the B0 meson in in the mediator (W+) rest frame. The angle � is the angle between the
plane containing the ⌧+ and ⌫⌧ and the plane containing the D0 and pion from the D⇤� in
the B0 rest frame. The three decay angles are displayed graphically in Fig. 12. Explicitly,
the decay angles are defined following the definitions in Ref. [32]

cos ✓D =
⇣
p̂(D⇤�)
D0

⌘
·
⇣
p̂(B0)
D⇤�

⌘
=

⇣
p̂(D⇤�)
D0

⌘
·
⇣

� p̂(D⇤�)
B0

⌘
, (A.1)

cos ✓L =
⇣
p̂(W+)
⌧+

⌘
·
⇣
p̂(B0)
W+

⌘
=

⇣
p̂(W+)
⌧+

⌘
·
⇣

� p̂(W+)
B0

⌘
, (A.2)

cos � =
⇣
p̂(B0)
⌧+ ⇥ p̂(B0)

⌫⌧

⌘
·
⇣
p̂(B0)
D0 ⇥ p̂(B0)

⇡�

⌘
(A.3)

where the p̂(Y )
X are unit vectors describing the direction of a particle X in the rest frame of

the system Y . In every case the particle momenta are first boosted to the B0 rest frame.
In this basis, the angular definition for the B̄0 decay is a CP transformation of that for the
B0 decay.

Angular observables à la K⇤µµ

• Reconstruct these three angles using the same momentum

estimates for B and ⌧ that go into q2 e.t.c.
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<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

✓L
<latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit>

✓D
<latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

~pB̄0
<latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit><latexit sha1_base64="7m95tsHunwGhwSwzcRwrjFS/zng=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIVdCegx6MVjBPOA7LrMTjrJkNkHM7OBMCz4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXWHKmVSO822V1tY3NrfK25Wd3b39A/vwqC2TTFBo0YQnohsSCZzF0FJMceimAkgUcuiE49uZ35mAkCyJH9Q0BT8iw5gNGCXKSIF94k2A6jQPtBcSoW/yR+3keWBXnZozB14lbkGqqEAzsL+8fkKzCGJFOZGy5zqp8jURilEOecXLJKSEjskQeobGJALp6/n5OT43Sh8PEmEqVniu/p7QJJJyGoWmMyJqJJe9mfif18vU4NrXLE4zBTFdLBpkHKsEz7LAfSaAKj41hFDBzK2YjoggVJnEKiYEd/nlVdK+rLlOzb2vVxv1Io4yOkVn6AK56Ao10B1qohaiSKNn9IrerCfrxXq3PhatJauYOUZ/YH3+AAGylhk=</latexit>
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Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.
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Figure 1: (Top) True (red) and reconstructed (blue) angular distributions from 100,000
generated B0 ! D⇤�⌧+⌫⌧ events. (Bottom) Distributions of reconstructed angular vari-
ables versus true, where darker colours indicate a higher density of events.

the event migration is to reduce the density variation across the phase space, but a bias in
cos ✓L towards more positive values is also evident.

Due to the reconstruction-induced event migration, a parametric fit to the reconstructed
decay angles using Eq. (1.1) cannot be used to measure the IX coefficients. Any attempt
to correct the reconstruction biases leads to a dependence on the model used in the Monte
Carlo from which the correction is derived. Instead, it is demonstrated that the IX co-
efficients can be measured with a binned fit using multidimensional histogram templates,
where the angular degradation and other detector effects are included directly in each of
the twelve templates that describe the signal probability density function (PDF).

Angle Res. µ Res. �

cos ✓D 0.00 0.23
cos ✓L 0.15 0.65

� -0.01 rad 2.24 rad

Table 2: Angular variable resolution mean (µ) and width (�) determined using gen-
erated B0 ! D⇤�⌧+⌫⌧ events. The resolution is defined as aReco � aTrue, where
a 2 {cos ✓D, cos ✓L, �}.
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Summary

LHCb has a unique ability to study !  transitions 
➡ ! , ! , ! , ! , !  with muonic analyses 
➡ Kinematic distributions with hadronic analyses 

Upgrade I will allow us to reach 1-6% uncertainties 

Upgrade II would reduce some uncertainties 2× further  
➡ Access to important kinematic distributions, key to characterize NP 

Challenges ahead 
➡ Will need an order of magnitude more MC than what FastSim can do today 
➡ Important to calculate and measure all FF and control other systematics

b → cτν
ℛ(D(*)) ℛ(D**) ℛ(D(*)

s ) ℛ(J/Ψ) ℛ(Λ(*)
c )
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